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Background
Chronic inflammation is now recognized as a major etiologic factor for a range of malignancies, including cancers of the esophagus, stomach, gall bladder, liver, pancreas, colon and rectum, prostate, urinary bladder, and lung (1) (2) (3) . Chronic inflammation in tissues arises from sustained activation of the innate immune system (neutrophils, macrophages, and fibroblasts) as well as the adaptive immune system (B and T cells) (4) . This chronic inflammatory response to persistent infections or environmental insults increases cancer risk both directly, through DNA damage, and indirectly, through tissue remodeling and fibrosis (4) .
One strategy to evaluate the relationship of cancer with chronic inflammation is to measure circulating levels of inflammatory markers. Most previous epidemiologic investigations of circulating inflammatory markers and cancer have included a narrow range of markers (e.g., CRP, IL-6, IL10, TNF-alpha etc.) (5) . The process of inflammation is complex and involves multiple key mediators (3), including chemokines, pro-inflammatory cytokines, anti-inflammatory cytokines, growth factors, angiogenesis factors, and metabolic markers. Therefore, a thorough epidemiologic characterization of inflammatory biomarkers and pathways involved in carcinogenesis requires a comprehensive evaluation of a wide range of markers.
Emerging multiplex technologies allow for the simultaneous quantification of over 100 analytes in low specimen volumes (6;7), underscoring their potential utility for largescale epidemiologic investigations. While the obvious benefits of multiplexed assays include reductions in time and specimen volume, several aspects of these assays warrant thorough evaluation and standardization, including assay validity, reproducibility, stability, and appropriateness of specimen types (e.g. serum vs. plasma) (6) . A majority of the previous studies that have formally assessed the performance of multiplexed assays were small in size and limited in the number of markers (8) (9) (10) (11) (12) (13) (14) (15) ).
In the current study, we evaluated the performance of 116 inflammation, immune, and metabolic markers across two luminex bead-based commercial kits (Millipore and Bio-Rad) and three specimen types (serum, heparin plasma, and EDTA plasma). We specifically addressed the epidemiologic utility of these assays, as measured by their detectability in specimens from cancer-free individuals (i.e. values above the assay's lower limit of detection) and reproducibility, as measured by coefficients-of-variation and intraclass correlation coefficients. Our primary aim was to evaluate the performance of each marker within a specimen type and kit type. Our secondary aims were to compare assay performance across specimen types within each kit and across kits within each specimen type.
Materials and Methods
Study design: We conducted this study among 100 cancer-free individuals who participated in the screening arm of the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial. Briefly, between 1993 and 2002, the PLCO trial recruited approximately 155,000 men and women into either the screening arm or the control arm (16) . Screening arm participants provided blood specimens at the baseline visit (T0) and annually during follow-up (T1 through T5) (16) . All samples were processed by centrifugation at 2400-3000 RPM for 15 minutes. Specimens were frozen within 2 hours 6 of collection and stored at -80 0 Centigrade until further use. Specimens used for the current study underwent two thaw cycles-one for aliquoting and one for laboratory testing.
We selected 100 participants with available T0 serum and T0 heparin plasma as well as EDTA plasma samples collected at the third annual visit (T3). To ensure comparability of the T3 EDTA plasma samples with another specimen type, we also included T3 heparin plasma samples from 50 of the 100 individuals. This design allowed us to compare assay performance between T0 serum versus T0 heparin plasma samples (n=100) as well as between T3 EDTA plasma samples versus T3 heparin plasma samples (n=50). The T0 and T3 heparin plasma samples were analyzed separately. To evaluate reproducibility of marker measurements, from each of the three specimen types (T0 serum, T0 heparin plasma, and T3 EDTA plasma), we selected 40 individuals as blinded duplicates, and placed 20 pairs as within-batch duplicates and 20 as across-batch duplicates. A batch denotes one plate of 37 unique samples including blinded duplicates. The subjects selected for blinded duplicates varied by specimen type, but were the same across the two kits given a specimen type.
Laboratory methods:
We evaluated the performance of 116 inflammation, immune and metabolic markers-67 on Bio-Rad and 97 on Millipore, with 48 markers measured on both kits. Using magnetic bead-based assays, the Bio-Rad markers were measured in 150 ul of specimen across 4 panels: cytokine panel 1 (27 markers), cytokine panel 2 (21 markers), acute-phase protein panel (9 markers), and diabetes panel (12 markers Based on the measurements of 7 standard concentrations provided by the manufacturer, a five parameter standard curve was utilized to convert optical density values into concentrations (pg/mL). Using the curve-fit measurements for each standard, we also estimated coefficients of variation across unblinded duplicates as well as recovery-calculated as the ratio of the observed and expected concentrations. We note that these recoveries indicate the goodness-of-fit of the standard curve rather than recoveries based on known, spiked concentrations. All assays were performed according to the manufacturer's instructions.
Statistical analyses:
For each marker, separately within each kit and specimen type, we evaluated assay performance using three measures: 1) detectability-the proportion of samples with values above the assay's lower limit of detection (based on the 100 unique measurements for T0 serum, T0 heparin plasma, and T3 EDTA plasma); 2) coefficients-of-variation (CVs) for within-batch and across-batch duplicates (based on 20 pairs each for each specimen type); and 3) intraclass correlation coefficients (ICCs), which capture the proportion of total variability in measurements that arises from interindividual variability (based on 20 pairs each of within-batch and across-batch duplicates for each specimen type). Observed concentrations of each marker were logtransformed to achieve approximate normality. CVs and ICCs were estimated using the ANOVA procedure. We considered detectability greater than 25% as acceptable, given the common use of quartiles in epidemiologic studies. CVs less than 20% were deemed acceptable.
To generalize marker performance across the three specimen types (T0 serum, T0 heparin plasma, and T3 EDTA plasma), we defined acceptable performance for a marker as: 1) being detectable in greater than 25% of the 100 samples on all three specimen types and 2) across-batch CVs of <20% on at least 2 of the 3 specimen types. These criteria allowed us to identify markers with acceptable performance within each kit across different specimen types.
We compared detectability across specimen types given a kit (T0 serum vs. T0 heparin plasma and T3 EDTA plasma vs. T3 heparin plasma) and across kits (Bio-Rad vs. Millipore) given a specimen type using the McNemar's test. Median concentrations of each marker across specimen types and kits were compared using the Wilcoxon signed-rank test. Correlations of marker measurements across specimen types and kits were estimated using the Spearman's rank correlation coefficient. Analyses for comparisons of detectability and medians and for correlation coefficients were based on the 100 unique measurements for T0 serum, T0 heparin plasma, and T3 EDTA plasma.
Head-to-head comparisons of ICCs across specimen types (given a kit) and between kits (given a specimen type) were conducted using Variance Components analyses. For each specimen type and kit, we estimated the ICC as the proportion of variation attributed to inter-individual variation using all observations (including blinded duplicates) in mixed effects models that included the batch number and study subjects nested within batches. 
Results
Given the large number of markers as well as the different specimen types and kit types, we present assay performance and type/kit comparisons as the number of markers with acceptable or poor performance. Detailed results for each marker, including median observed concentrations, % detectability, CVs, and ICCs separately for each kit and specimen type as well as correlations of marker measurements across specimen types and kits are presented as supplemental material (Supplemental Tables   1 and 2 ).
Bio-Rad markers
For the 67 markers measured on Bio-Rad, we initially evaluated CVs as well as recoveries on unblinded duplicates across the 7 known standard concentrations used for curve-fit. Across the markers, CVs ranged from 4.3% to 27%, with only 2 markers (PCT and Ferritin) having CVs > 20%. Likewise, recoveries ranged from 90% to 670%, with a majority of markers (49 of 67 markers) having recoveries in the 80%-120% range.
Using a criterion of detectable values in greater than 25 of the 100 individuals for each specimen type, a high proportion of markers were detectable (56 markers on serum, 63 markers on heparin plasma, and 64 markers on EDTA plasma) ( Figure 1A and Table 1 ). Likewise, a high proportion of markers had CVs for across-batch duplicates less than 20% (51, 52, and 47, respectively, on serum, heparin plasma, and EDTA plasma) (Figure 2 A, C, E and within-batch CVs were lower than across-batch CVs on each specimen type (Figure 2 A, C, E).
When the performance across the three specimen types was combined, 45 of 67 markers had acceptable performance in terms of detectability and across-batch CVs (Table 1) On all three specimen types, ICCs for across-batch duplicates ranged from 0.31 to 0.99, with 23 markers on serum, 22 on heparin plasma, and 10 on EDTA plasma having ICCs greater than 0.8 (Table 1) .
Millipore markers
Across the 97 Millipore markers, CVs for the 7 standard concentrations ranged from 3.4% to 14.7% and recoveries ranged from 72% to 319%. A majority of markers (82 of 97 markers) had recoveries in the 80%-120% range.
On serum, heparin plasma, and EDTA plasma samples, 89 markers each had detectable concentrations in greater than 25% of the 100 individuals (Table 1 ICCs for across-batch duplicates ranged from 0.08-0.99, with 53, 53, and 61 markers on serum, heparin plasma, and EDTA plasma, respectively, having ICCs greater than 0.8 ( Table 1) .
Comparison of assay performance across specimen types and kits
We conducted comparisons of assay performance across the 3 specimen types and 2 kits for markers with acceptable performance (Table 3; 45 Bio-Rad markers, 71 Millipore markers, and 23 markers measured on both Bio-Rad and Millipore). On both Bio-Rad and Millipore, a majority of markers had similar % detectability for T0 serum vs. 
T0 heparin plasma as well as for T3 EDTA plasma vs. T3 heparin plasma. In contrast, for both Bio-Rad and Millipore, for a considerable number of markers, median cytokine concentrations differed between T0 serum vs. T0 heparin plasma and between T3 EDTA plasma vs. T3 heparin plasma (Table 3) .
For 45 Bio-Rad markers with acceptable performance (Figure 3A) , correlation coefficients between T0 serum and T0 heparin plasma were < 0.5 for 33 markers, 0. 
Discussion
In this large methodologic study, we show that a majority of multiplexed inflammation, immune, and metabolic markers can be measured reliably in serum and plasma specimens, as evidenced by low CVs and high ICCs, on both Bio-Rad and Millipore.
Median analyte concentrations and ICCs differed to a small extent across specimen types and to a large extent between Bio-Rad and Millipore. Likewise, correlations in analyte levels were moderate to high across specimen types, but were low between the 2 commercial kits. (9;17), it is likely that interference from other markers affected the performance of these markers.
Measurement of circulating inflammation markers is potentially sensitive to several factors such as specimen types, sample handling, and processing methods (18;19) . Previous studies have reported that marker measurements are not interchangeable between serum and plasma samples (9) , and these differences are believed to arise from factors such as degradation of markers during the process of clotting and degranulation of granulocytes (9) . Consistent with these studies, we found Circulating levels of inflammation, immune, and metabolic markers are also influenced by several demographic and behavioral characteristics such as age, sex, race, smoking, body mass index, and diet (21) . Therefore, in separate studies, we are currently evaluating predictors of an inflammatory response for single markers as well as empirical groupings of markers, and the temporal stability of markers with acceptable performance. The temporal stability of circulating markers is largely unknown, and single time-point measurements in prospective cohort studies could bias results to the null for unstable markers (22) .
Our study has several strengths, including the standardized collection, processing, and storage of specimens in the PLCO study (16) and comprehensive evaluation of over 100 multiplexed markers on different specimen types. We also note the limitations of our study. Importantly, our study focused on reliability, but not validity, of marker measurements. Nevertheless, previous studies comparing the performance of multiplexed marker measurements with ELISA assays show high validity (13) (14) (15) .
Finally, we defined less than 25% detectability as poor performance, in part, because samples with low detection levels are generally accompanied by unacceptably high CVs and low ICCs. However, we note the possibility that some markers could be expressed only in disease conditions and therefore could be informative for disease associations. 
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